ABSTRACT: The influence of density on population dynamics is a fundamental concept of ecology; however, observations of marine populations affected by density are rare. Recently, extremely high abundances of Atlantic sea scallops Placopecten magellanicus have persisted over a wide range of their distribution, including 2 adjacent areas on Browns Bank, Canada, that were closed to fishing from 2014 to 2016. We hypothesized that the closures, named C2 and C3, would work as expected, i.e. scallop abundance would decrease through time due to natural mortality, while yield would substantially increase due to growth. To test this, we compared the density (number of scallops per unit area), crowding levels (number of scallops around an individual scallop), and shell growth of scallops through the closures. Despite similar scallop densities in each area, crowding levels were significantly higher within area C2 than in C3. This contrasting result suggests the intensity of scallop aggregation was significantly higher in area C2. This area also had individuals with reduced shell height growth in the final year of the closure. Combined, the results show yield was lost between Years 2 and 3 in area C2 while yield increased through time in area C3. The different levels of crowding between the 2 areas may explain the different growth patterns; factors causing discrepancies in scallop growth can be related to aggregation intensity. Spatial closures to increase fishery yield are commonly thought of as 'money in the bank', but divergences from typical patterns, in this case growth, suggest considering these areas as shorter term 'windows of opportunity' will help their management.
INTRODUCTION
The implementation of marine protected areas has increased substantially over the last century and will likely continue to increase to meet global conservation targets (Boonzaier & Pauly 2016) . Since the biomass and density of animals within marine protected areas generally increase, marine protected areas have been used as fishery management tools to increase harvest and reduce impact on the sea floor and on non-target species (Murawski et al. 2000 , Guidetti & Claudet 2010 , McDermott et al. 2017 . If this management strategy is increasingly employed, accounting for density-dependent changes in growth and mortality will be important (Beverton & Holt 1957) . Though the impact of density on fish population dynamics is a fundamental concept, it is difficult to monitor wild marine populations at extremely high levels to observe this effect (Rose et al. 2001) . Fortunately, the status of the Atlantic sea scallop Placopecten magellanicus population presents an opportunity to study this phenomenon.
The Atlantic sea scallop fisheries in the USA and Canada have dramatically increased in value since the 1990s, with scallop landing values approximately tripling in the US (NOAA 2016) and doubling in Canada (DFO 2015) . Though economic factors have increased the price of scallops, increases in landings are linked to surges in scallop abundance and density , NEFSC 2018 . Recent extreme recruitment events have resulted in high densities of scallops over an unpreceded spatial scale, which has greatly impacted the overall abundance of scallops (Bethoney et al. 2016 , DFO 2017 . A key tool in both the US and Canadian fisheries are spatial closures of 2 to 5 yr to protect high scallop recruitment events (Stevens et al. 2008 , Orensanz et al. 2016 ). The objective is to take advantage of the exponential growth scallops undergo when they are young (Thouzeau et al. 1991 , Hart & Chute 2009 , MacDonald et al. 2016 , as gains in meat weight during this time far exceed decreases in abundance, creating a more efficient and less impactful fishery (NEFMC 2004) . However, the gains from exponential growth and the effectiveness of temporary closures are reduced if population dynamics change due to density-dependent processes (Beverton & Holt 1957) .
Here, we examined 2 adjacent areas on Browns Bank, Canada, with extremely high densities of scallops over a 3 yr closure (Fig. 1) . The density, crowding levels, and shell height distributions of scallops within each area were estimated annually using a drop camera survey and compared within and between the 2 areas. Scallop crowding differs from density as it reflects the number of scallops around an individual scallop, not the number of scallops per unit area (Lloyd 1967) . This difference allows crowding to potentially identify small-scale distribution patterns and concentrations -which have implications for the density-dependent process -in areas that have the same density (Orensanz et al. 2016) . For example, 2 locations sampled with 4 quadrats would have the same density if one location had 4 quadrats with 5 scallops and the other location had 3 quadrats with zero scallops and one quadrat with 20 scallops. In contrast, crowding would be much higher in the location with 20 scallops in one quadrat, reflecting the more intense aggregation of scallops. In areas closed to protect a large scallop recruitment, scallop densities are expected to decrease over time due to natural mortality, while biomass should increase due to growth (Orensanz et al. 2016) . We hypothesized that the closures would work as expected, with density and crowding levels decreasing and shell height increasing through time. The 2 closed areas were approximately 7 km apart and assumed to have the same growth parameters (Hubley et al. 2014) . Therefore, we hypothesized there would be no significant different in density, crowding levels, and shell height between the 2 areas. However, we found that there were significant differences between the 2 areas: one area had higher levels of crowding and reduced shell height growth compared to the other. We discuss how substrate composition may have influenced these differences and the implications these findings have on spatial closures as management tools. 
MATERIALS AND METHODS
Observations of scallops from 2014 to 2016 in 2 adjacent areas on Browns Bank, Canada, were made using a drop camera with a centric systematic sampling design (Carey & Stokesbury 2011 , Bethoney & Stokesbury 2018 . Survey stations were positioned on 1 × 1 km grids, with the extent of the survey stations approximately matching the borders of 2 areas (C2 and C3) voluntarily closed to scallop fishing (Fig. 2, J . Mosher pers. comm.). At each station, a sampling pyramid was lowered to the sea floor 4 times. Mounted on the pyramid were 2 downward-facing video cameras, which provided quadrat samples of 0.60 and 2.84 m 2 , respectively, and a digital still camera that provided 1.70 m 2 quadrat samples (Fig. 3) . The time, depth, number of live and dead scallops, latitude, and longitude were recorded at each station. After each survey, video recordings were reviewed in the laboratory and a still image of each quadrat was captured. Within each quadrat, macroinvertebrates and fish were counted and the substrate was identified. When possible, fish and macroinvertebrates were identified to species, otherwise animals were grouped into categories based on taxonomic orders (Stokesbury & Harris 2006) . Sediments were visually identified using texture, color, relief, and structure in the video and still images, roughly following the Wentworth par ticle grade scale where sand = 0.0625 to 2.0 mm, gravel = 2.0 to 256.0 mm and boulders > 256.0 mm. Gravel was divided into 2 categories: granule− pebble = 2.0 to 64.0 mm and cobble = 64.0 to 256.0 mm (Wentworth 1922) . Stations were categorized by the presence of the largest type of particle observed in a quadrat (Harris & Stokesbury 2010) . The shell height (distance from the umbo to the front of the shell, in mm) of each scallop with a complete visible length was measured using Image Pro Plus ® software. Scallops measured in the largest quadrat size were used for all analyses as this camera was the only one deployed in all 3 yr, but images from the other cameras were used to aid in scallop identification. To focus analysis on tracking scallops observed in 2014, only scallops > 40 mm in 2015 and > 50 mm in 2016 were included; scallops smaller than this would not have been picked up in our 2014 survey because the image resolution was too low .
Mean densities and standard errors of scallops, sea stars Asterias spp., and decapod scallop predators (Cancer irroratus, C. borealis, Homarus americanus) for each area and year were calculated using equations for a 2-stage sampling design (Cochran 1977) . The mean of the total sample was calculated as:
( 1) where n is the number of stations and x i = is the mean animal count from the 4 quadrats sampled at station i. The standard error of this mean is:
where s
2 ⁄ (n -1), which is the variance among primary unit (stations) means. According to Cochran (1977) , this simplified version of the 2-stage variance is possible when the sampling fraction is small. This is the case for the drop camera survey, where thousands of m 2 were sampled compared to millions of m 2 in the study area. Mean crowding (which measures the average number of individuals around an individual rather than individuals per unit area) and standard errors of scallops for each area and year were calculated using equations for a quadrat sampling design (Lloyd 1967 , Carey & Stokesbury 2011 where ẋ is mean crowding, x l is the average number of scallops per quadrat, and k is the approximate estimate of the negative binomial parameter. An approximate estimate of the negative binomial parameter was used because although more than 20 quadrats were sampled, the frequency distribution of the number of scallops per quadrat was skewed right (Krebs 1989) . The standard error for x · is: (4) where q is the number of quadrat samples and is the variance for the approximate estimate of the negative binomial parameter using s 2 (Bliss & Fisher 1953) .
To evaluate differences in density between areas and years, 2-way ANOVAs were used, with scallop, sea star, and decapod density, and scallop crowding as dependent variables, and area and year as fixed factors. This test was more appropriate than a repeated measures approach because we did not examine the same plots of ocean floor each year. Although the same stations were sampled each year, exact positions varied by 100s of m between years and the location of each quadrat sample was random. Pairwise year comparisons were made using a Tukey's post hoc test if initial model results were significant. These statistical analyses were conducted on log(x + 1) transformations of count data, so that the assumptions of the tests were not violated by rightskewed data (Zar 1996a) . To further examine differences in scallops per quadrat, frequency distributions were compared within an area and between C2 and C3 annually using Kolmogorov-Smirnov tests with the test statistic critical level adjusted to the number of independent samples (survey stations with measurements) taken for each comparison (Siegel & Castellan 1988) . Changes in shell height distributions of scallops in each area and year were compared in the same manner as scallop per quadrat distributions. The largest substrate type observed at each station was pooled over the 3 yr and a chi-squared test was used to test for heterogeneity in distributions between areas (Zar 1996b) . These values were also mapped in ArcGIS v.10.5 (ESRI) using Sibson's natural neighbor method (Sibson 1981 , Harris & Stokesbury 2010 . The average depths of stations in C2 and C3 were also compared using a t-test. All statistical tests were conducted in SPSS v.24 (IBM) or Excel 2016 (Microsoft).
RESULTS
Scallop density and crowding significantly changed over time, but decapod density did not (Tables 1 & 2) . The change in scallop density and crowding was due (Tables 1  & 2) . A significant interaction between year and area occurred for sea star density (Table 2) . Decapod density did not differ significantly between the areas or years (Tables 1 & 2) . The distribution of scallops per quadrat was only significantly different between C2 and C3 in 2014 (D 74, 86 = 0.24, p < 0.03; Fig. 4 ). The proportion of quadrats with zero scallops in area C2 during 2014 was much higher, but the quadrats with scallops had very high counts; the top 10% of scallops per quadrat in area C2 ranged from 48 to 133 compared to 35 to 95 in area C3. In 2016, the largest difference between the 2 areas was still the number of quadrats with no scallops, but the cumulative difference was smaller as the range of the area C2 distribution contracted (Fig. 4) . The distribution of scallop shell heights was significantly different within C2 in 2014 compared to 2015 and 2016 (Table 3 Substrate type was significantly different between the 2 areas, with C2 dominated by granule−pebble and C3 dominated by cobble (χ 2 = 109.5, df = 3, p < 0.01; Figs. 2 & 6). The average (±1 SE) station depth in C2 (64.2 ± 1.7 m) was significantly shallower than in C3 (79.9 ± 0.9 m; t-test with unequal variances, t 307 = −8.31, p < 0.01).
DISCUSSION
Scallop growth differed between 2 adjacent areas with similar densities but distinct levels of crowding. Density and crowding decreased through time, primarily due to natural mortality, but crowding levels may have also been influenced by dispersal. Though most dispersal occurs when scallops first settle, scallops can still effectively swim at the mean sizes observed (Brand 2016 Table 2 . Results from 2-way ANOVAs testing the effects of year and area on Atlantic sea scallop, sea star, and decapod density, and scallop crowding for 2 areas closed to fishing on Browns Bank, Canada surveyed from 2014 to 2016. F-values are shown along with significance levels (*p < 0.05; **p < 0.01; ***p < 0.001) and Tukey's post hoc test results for which years were significantly different. Degrees of freedom are 2 for year and 1 for area than usual (Carey & Stokesbury 2011 , Harris et al. 2018 . Dispersal on this scale would be unlikely to influence density estimates, which were dominated by stations without scallops, but could be detected by crowding, which is only influenced by quadrats with scallops and reflects the number of other scallops around an individual scallop.
Despite showing a similar declining trend in population size, density and crowding diverged in their characterization of the intensity of scallop aggregations in the 2 areas. The conflicting results indicate that scallops in area C2 were less dispersed, resulting in more zero observations and more extremely high observations than in area C3. Scallop patchiness almost always results in zero-dominated data sets when observing distributions on the scale of km (Orensanz et al. 2016 , Harris et al. 2018 . Thus, mean density accurately estimates abundance if enough samples are collected but does not reflect the patchiness of scallops (this is represented in the variance). In contrast, crowding levels were influenced only by quadrats with scallops and showed a distinct difference between the intensity of aggregations in the areas (Table 1) . This was also evident in the distributions of the number of scallops per quadrat, which were initially different between the 2 areas due to a higher proportion of quadrats with zero or very high numbers of scallops in C2 (Fig. 4) .
Though both areas were in close proximity, finescale differences in predator levels and settlement dynamics may have caused different initial crowding levels (Orensanz et al. 2016) . Predator levels in the 2 areas were similar, refuting the notion that higher predation levels reduced crowding. The higher sea star densities seen in 2014 were likely influenced by higher scallop density and crowding levels that would provide a higher en counter rate for predation and scavenging (Nadeau et al. 2009 ). This may also explain the interaction between area and year on sea star density, as area C2 had higher crowding levels than area C3 and appeared to have higher sea star densities as well until scallop crowding in the area significantly declined in 2016 (Table 1) . However, scallops in these areas likely settled between 2012 and 2013, leaving the possibility of a discrepancy between predator densities at the time of settlement and this study. For example, predators may have dissipated by 2014 due to increases in scallop size.
A clear difference between the 2 areas was the dominance of granule−pebble substrate in area C2 compared to cobble in area C3 (Fig. 6) . Granule− pebble is optimal for post-larval settlement, indicating a higher ceiling for crowding in area C2. However, the primary benefits of granule−pebble substrate for post-larval settlement, predator protection and stable substrate, can also be provided by Table 3 . Results from Kolmogorov-Smirnov tests comparing shell height distributions of Atlantic sea scallops between years within an area and between areas in the same area. Bold indicates significance at α ≤ 0.05 cobble substrate (Thouzeau et al. 1991 , Stokesbury & Himmelman 1995 . Unlike scallops settling on top of gravel, scallops on top of cobble substrate would become unstable once they grew larger than the piece of cobble and would not be able to form depressions that enhance feeding (Yager et al. 1993) . Scallops would have to settle between pieces of cobble to avoid these negative aspects. Thus, cobble takes up space where scallops could have settled, reducing the settlement space available and forcing scallops to spread out and reduce crowding levels. The 2 areas exhibited different growth patterns over time, resulting in different levels of closure effectiveness. The change in the shell height frequency distribution in area C3 each year showed a continued increase in the overall size of scallops through the 3 yr closure (Fig. 5) . In contrast, the same metric in area C2 showed no overall change in size between 2015 and 2016 (Fig. 5) . The growth equation used to assess scallops on Browns Bank indicates that 5 to 6 yr old scallops would be approximately 90 to 100 mm in shell height (Hubley et al. 2014 ). This suggests the lack of size increase from 2015 to 2016 in area C2 resulted in more scallops undersized for their age. Combining these results with the decreases in scallop density suggests yield was lost between Years 2 and 3 in the area C2 closure, while the 3 yr closure in area C3 achieved the desired goal of increasing yield through time. Applying a standard shell-height to meat-weight ratio to shell height frequencies and comparing biomass in areas C2 and C3 in 2015 and 2016 shows exploitable biomass in area C2 declined by about 40% between 2015 and 2016, while it in creased in area C3 by about 17% (Hennen & Hart 2012) .
The different levels of crowding between the 2 areas may explain the different growth patterns. Discrepancies in scallop growth can be related to several factors including depth, temperature, disease, and food availability, which can differ over small spatial scales (MacDonald et al. 2016) . For example, the difference in depth between the 2 areas may expose scallops within them to different water velocity patterns and subsequently to different water temperatures, salinity, and levels of food (Hannah et al. 2001) . Such small-scale complexity may explain the lack of correlation of scallop condition to temperature and depth over the whole of Browns Bank (Hubley et al. 2014) . The impact these environmental factors have on growth can be influenced by high local density (crowding). At high densities, food depletion is the primary factor for decreases in shell growth (MacDonald & Thompson 1985 , Côté et al. 1994 ) and as scallops grow and mature, they require more food (MacDonald et al. 2016) . Thus, food levels initially may have been adequate to support similar growth in both areas despite different levels of crowding, but as the scallops grew, greater competition for food in the more crowded area C2 may have resulted in slowed growth. This study highlights a paradigm of spatial management that may become increasingly prevalent. The focus of temporary spatial closures in the Atlantic scallop fisheries is to prevent areas from being fished too soon (NEFMC 2004 , Stevens et al. 2008 . However, foregone yield due to stunted growth and continued mortality can make the timing of opening areas as important as the timing of closing them. This has been exemplified in the past, at lower scallop abundances (Stokesbury et al. 2007) ; but in areas of extremely high abundance, density-dependent processes add a factor that can change the effectiveness of rotational management. This study found varying effectiveness of a closure to increase yield between 2 areas that were expected to perform similarly. The major difference between the 2 areas was the level of crowding. Our study examined only 2 areas and therefore could not completely separate the effect of crowding from other possible causal site-specific differences, but it does suggest that overcrowding may have affected growth. However, decreases in scallop size and yield at age have been observed in the Nantucket Lightship and Elephant Trunk scallop rotational areas (Fig. 1) , which have extremely high densities of scallops similar to C2 and C3 (NEFMC 2017 , NEFSC 2018 . Examining crowding levels in addition to density in other areas would allow the results to potentially be applied more generally and help move analysis from examining abundances and distribution of aggregations to the level of individuals, which is needed to examine densitydependent processes (Orensanz et al. 2016) . Crowding cannot be calculated by traditional survey methods such as dredging and towing nets because these mask the distribution of individuals within the tow track. These methods do provide valuable information, such as changes in meat weight, which optical surveys cannot, emphasizing the benefit of combined approaches to monitoring (NEFSC 2018) . As marine protected areas increase in prevalence, viewing limited access into areas of high biomass as 'windows of opportunity' rather than 'money in the bank' and considering divergences from typical patterns at lower biomasses will help management.
